Background: Management of tumors has become more complex owing to tumor heterogeneity. Fewer studies have been performed on intra-tumor heterogeneity of endometrial cancer (EC) until now. Therefore, it is of great clinical value to explore the intra-tumor heterogeneity of EC based on clinical features and gene expression profiles. Methods: A total of 1688 patients with EC were screened and 114 patients were finally selected, including specimens from 84 patients with primary EC without relapse (PE) and the paired metastases (P-M) specimens, as well as specimens from 30 patients with primary EC with relapse (RPE) and the paired relapsed EC (P-RE) specimens. Microarray and RNA-seq were used to detect gene expression of EC samples. Clinicopathological characteristics and molecular data were compared between PE and P-M groups and between RPE and P-RE groups to explore the intra-tumor heterogeneity of EC. Results: The clinical intra-tumor spatial heterogeneity of pathological type, grade, ER status, and PR status between PE and P-M were 17.9%, 13.1%, 28.6%, and 28.6%, respectively. The clinical intra-tumor spatiotemporal heterogeneity of pathological type, grade, ER status, and PR status between RPE and P-RE were 16.7%, 33.3%, 25.0%, and 37.5%, respectively. Cluster analysis sorts EC samples based on progression type of lesion and their pathological type. There were differentially expressed genes between PE and P-M and between RPE and P-RE, of which gene ontology and Kyoto Encyclopedia of Genes and Genomes analysis were mainly enriched in cell proliferation, the p53 signaling pathway, etc. Conclusions: Clinical and molecular data showed that there was spatiotemporal heterogeneity in intra-tumor of EC, which may add to the complexity of diagnosis and therapeutics for EC. Considering the intra-tumor heterogeneity, sequential chemotherapy and precision medicine may be a more suitable treatment plan for EC.
Introduction
Endometrioid cancer (EC) is one of the most common gynecological tumors and its prevalence is increasing in younger patients. [1] Although the prognosis of EC is good, management of tumors has become more complex owing to its extensive heterogeneous prognosis, especially for stage patients, exposing women to relapsed disease. [2] [3] [4] Clinically, some patients with EC with advanced stage have a good prognosis, while some early stage patients still relapse and die quickly. [5, 6] Studies showed that intra-tumor heterogeneity exists and plays important roles in the genesis, development, and prognosis of different patients. [7] [8] [9] [10] Tumor occurrence and development are driven by genetic alterations, and the phenotypic diversity might be accompanied by a corresponding diversity in gene expression patterns. [11] Tumor heterogeneity may foster tumor evolution and adaptation and hinder personalized-medicine strategies. [7, 10, [12] [13] [14] Heterogeneity degree itself might serve as a clinically valid molecular marker. [15, 16] Though, there have been many studies of intra-tumor heterogeneity in breast cancer, colorectal cancers, and non-small cell lung cancer, etc, fewer studies have been performed on intra-tumor heterogeneity of EC until now. Therefore, it is of great clinical value to explore the intra-tumor heterogeneity of EC based on clinical features and gene expression profiles. Hence, to explore the spatiotemporal intra-tumor heterogeneity of EC, we analyzed clinicopathological characteristics and molecular data between primary tumors and the paired metastases or relapsed specimens, which may benefit the diagnosis and therapeutics of EC.
Methods

Ethical approval
This study was approved by the Institutional Review Board (IRB) of Peking University People's Hospital and the Affiliated Hospital of Qingdao University. Informed consent was obtained from all the patients.
Patient selection
A total of 1688 patients with EC between December 2001 and January 2016 were screened from Peking University People's Hospital (PKUPH) and the Affiliated Hospital of Qingdao University (AHQDU) cohort. Clinical data from a total of 114 patients with EC were finally selected from the screened 1688 EC samples, including 84 primary EC specimens from patients without relapse with at least 3 years follow-up (PE) and the paired metastases (P-M), as well as specimens from 30 patients with primary ECs with relapse (RPE) and the paired relapsed EC specimens (P-RE). Two patients with primary EC without relapse (PE) and the paired metastases (P-M) specimens were tested by cDNA microarray with 492 genes. Two patients with primary ECs with relapse (RPE) and the paired relapsed EC specimens (P-RE) were tested by RNA-seq. The diagnosis of all the primary EC samples was confirmed by at least two pathologists. The detailed selection of these 114 participants is shown in Figure 1 .
RNA isolation
The total RNA was extracted with Trizol (Tiangen, Beijing, China) and assessed with an Agilent 2100 BioAnalyzer (Agilent Technologies, Santa Clara, CA, USA) and a Qubit Fluorometer (Invitrogen, California, USA). The total RNA samples that met the following requirements were used in subsequent experiments: RNA integrity number (RIN) >7.0 and a 28S:18S ratio >1.8. All tumor specimens processed contained at least 70% cancer cells.
cDNA microarray techniques of EC samples
A low-density microarray with 492 genes [17] that were selected from EC-related literature obtained from the National Center of Biotechnology Information Web site was used to test the expression profiles of EC samples. The detailed protocols have been previously published. [18] A Chinese Medical Journal 2019;132(13) www.cmj.org gene was regarded as being expressed when the intensity of the hybridization signal was 1.5-fold greater than the background signal. The expression values of housekeeping genes and the Hex gene were used as positive controls. And the spotting solution with 50% dimethyl sulfoxide was set as the negative control. The signals of the housekeeping genes were repeatable and the coefficient of variation of the ratio was no >0.3. The local background was subtracted from the remaining spots, and the ratios of net fluorescence from the Cy5-specific channel to the net fluorescence from the Cy3-specifc channel were calculated for each spot, representing tumor mRNA expression.
RNA-seq library preparation and sequencing of EC samples RNA-seq libraries were generated and sequenced by Capital BioTechnology (Beijing, China). Triplicate samples of all the assays were constructed in an independent library, and the following sequencing and analysis were performed. The NEB Next Ultra RNA Library Prep Kit for Illumina (NEB) was used to construct the libraries for sequencing. The NEB Next Poly (A) mRNA Magnetic Isolation Module (NEB) kit was used to enrich the poly (A)-tailed mRNA molecules from 1 mg total RNA. The mRNA was fragmented into ∼200 base pair pieces. The first-strand cDNA was synthesized from the mRNA fragments reverse transcriptase and random hexamer primers, and then the second-strand cDNA was synthesized using DNA polymerase I and RNaseH. The end of the cDNA fragment was subjected to an end repair process that included the addition of a single "A" base, followed by ligation of the adapters. The products were purified and enriched by polymerase chain reaction (PCR) to amplify the library DNA. The final libraries were quantified using the KAPA Library Quantification kit (KAPA Biosystems, Cape Town, South Africa) and an Agilent 2100 Bioanalyzer. After quantitative reverse transcription-PCR (RT-qPCR) validation, the libraries were subjected to pair-end sequencing with pair-end 150-base pair reading length on an Illumina HiSeq sequencer (Illumina, San Diego, USA). [19] Microarray data analysis
We used the Cluster and TreeView software to perform average linkage clustering, [20] which organized all of the data elements into a single tree, with the highest levels of the tree representing the undiscovered classes. First the expression level of each gene was log-transformed and then median-centerd (relative to its median expression across all samples). Ratios were log transformed (base 2) and normalized so that the relative variations were shown, rather than the absolute intensities. Only the genes with good data presence in 80% of the experiment samples were recruited. Clustering was an average linkage clustering using the Pearson correlation coefficient as the similarity metric. The algorithm arranged the order of genes and the order of samples to place those with the most correlated expression in closest proximity. The results were then displayed through the TreeView program. [21] The significance analysis of microarrays (SAM) method version 3.02 (http://www-stat.stanford.edu/) was applied to find differential expression among samples of different clinicopathologies. The qualified microarray data were filtered for presenting in 80% of the arrays and the normalized median of ratio values were log-transformed (base 2) for parametric Student and fold-change analysis, genes having P values <0.05 or showing at least a two-fold change were selected.
RNA-seq data analysis
The genome of human genome version of hg19 was used as reference (unpublished) . The sequencing quality was assessed with FastQC (Version 0.11.5) and then low quality data were filtered using NGSQC (v0.4). The clean reads were then aligned to the reference genome using HISAT2 (Johns Hopkins University, Maryland, USA) with default parameters. [22] The processed reads from each sample were aligned using HISAT2 (Johns Hopkins University) against the reference genome. The gene expression analyses were performed with Cuffquant and Cuffnorm (Cufflinks 2.2.1). Cuffdiff was used to analyze the differentially expressed genes (DEGs) between samples. The standardization method of Cuffdiff is geometric, with the per-condition and pooled as the discrete model. [23] Annotation of the DEGs
The annotation of the DEGs was performed based on the information obtained from the database of ENSEMBL, NCBI, Uniprot, gene ontology (GO), and Kyoto Encyclopedia of Genes and Genomes (KEGG) databases.
Statistical analysis
The software SPSS version 13.0 (SPSS Inc., Chicago, IL, USA) was chosen for the statistical analysis. The associations between clinicopathologic characteristics and outcomes were calculated by the x 2 test and Fisher exact test.
Results
Patient characteristics
Of the 114 EC samples, the median age was 56 years (range 23-79 years), and body mass index (BMI) was 25.39 kg/m 2 (range 18.59-31.24 kg/m 2 ). The demographics and clinicopathological characteristics of the whole cohort are reported in Table 1 .
Clinical spatial intra-tumor heterogeneity between primary and the paired metastatic EC
The discrepancy of pathological type between PE and P-M was 17.9% (15/84), of which 66.7% (10/15) was endometrioid adenocarcinoma (EEA, type I) and 33.3% was type II EC (including uterine serous carcinoma, clear cell carcinoma, and mixed carcinoma) [ Figure 2 ]. The discrepancy of grade between PE and P-M was 13.2% (11/84), of which 36.4% (4/11) was grade 3, 36.4% (4/11) was grade 2, and 27.3% (3/11) was grade 1 [ Figure 2 ]. The discrepancy of ER immunohistochemistry between PE and P-M was 28.6% (4/14) . The discrepancy of PR immunohistochemistry Chinese Medical Journal 2019;132 (13) www.cmj.org between PE and P-M was 28.6% (4/14) . Patients with at least one kind of discrepancy of pathological type, grade, ER expression, or PR expression between PE and P-M were defined as Group 1. Patients without any kind of discrepancy of pathological type, grade, ER expression, or PR expression between PE and P-M were defined as Group 2. The median age of diagnosis for the samples in Group 1 was 59 years (range 46-79 years), and the median age of diagnosis for the samples in Group 2 was 56 years (range 23-77 years). There were significant differences in FIGO stage and lymph node status between Group 1 and Group 2, while there was no significant difference in diagnostic age, pathological type, grade, ER status, PR status, lymphatic vascular infiltration (LVSI), or BMI. Detailed clinicopathological features are summarized in Table 2 .
Clinical spatiotemporal intra-tumor heterogeneity between primary and the paired relapsed EC
The discrepancy of pathological type between RPE and P-RE was 16.7% (5/30), of which 80.0% (4/5) was EEA (type I) and 20.0% was type II EC [ Figure 3 ]. The discrepancy of grade between RPE and P-RE was 33.3% (10/30), of which 10.0% (1/10) was grade 3, 50.0% (5/10) was grade 2 and 40.0% (4/10) was grade 1 [ Figure 3 ]. The discrepancy of ER immunohistochemistry between RPE and P-RE was 25.0% (2/8). The discrepancy of PR immunohistochemistry between RPE and P-RE was 37.5% (3/8 Table 3 .
Molecular spatial heterogeneity between primary and the paired metastatic EC
To further explore the potential molecular spatial heterogeneity of EC, a low-density microarray with 492 genes was used to detect the expression of two primary (PE60, PE61) and the paired (P60-M, P61-M) metastatic EC specimens [ Figure 2 ]. A hierarchical cluster algorithm was used to sort tumor samples according to their DEGs. Figure 4A shows that two cases of primary EC and the paired metastases were grouped into two clusters: I and II. Cluster I contained two primary tumors (PE60, PE61), and Cluster II contained the paired two metastatic foci (P60-M, P61-M). DEGs between PE60 and P60-M showed that 46 genes exhibited significant differences including 34 downregulated genes (STAT1, JUN, SPP1, TYMP, CDKN1A,  PTGS2, MCM2, CXCR4, NMU, NID2, PPP2R1B,  SERPINE1, SERPINA1, FGF18, LTF, GLRX, CEBPA,  IGF2, BHLHB3, GDF15, BUB1, AGPAT2, CYP1B1,  HBA2, APOE, CCL20, TFP12, IL8, CDC2, MAL,  MMP12 , GJB2, AREG, FOS) and 12 up-regulated genes (IGFBP1, CDH13, ITPR1, JAZF1, TCEAL1, ABCB1, FOXP1, DMD, WT1, SQSTM1, TPM1, DST) [ Figure 4B ]. DEGs between PE61 and P61-M showed that 37 genes exhibited significant differences including 25 downregulated genes (RARRES1, IGF1, HSPB2, BUB1,  FGF18, PTGS2, TFPI2, VASH1, CDKN1A, FOSB,  HBA2, STAT1, LDLR, PPP2R1B, LUM, CDC2, LIMA1,  CRABP2, IL8, FOLR1, TIMP1, COL1A2, MMP12 , SERPINE1, SPP1) and 12 up-regulated genes (FOS, SFRP1, BAMBI, CDKN1B, TCEAL1, CYR61, JUN, RGS2, DST, GPNMB, ACTA2, FOXO1) [ Figure 4C ]. GO term and KEGG were subsequently carried out to explore the function of these DEGs. The top 30 enriched GO term enrichment analysis revealed that the significant differences in GO-biological process analysis of PE60 vs. To explore the potential molecular temporal heterogeneity of EC, RNA-seq was used to detect the expression of two primary (RPE3, RPE11) and the paired (P3-RE, P11-RE) relapsed EC specimens [ Figure 3 ]. A hierarchical cluster algorithm was used to sort tumor samples according to their DEGs. Figure 5A shows that two cases of primary EC and the paired relapsed EC were grouped into two clusters:
I and II. Cluster I contained one relapsed tumor (P3-RE), of which the pathological type was endometrial serous carcinoma (SA). Cluster II contained the paired two primary specimens and one relapsed specimen (RPE3, P11-RE, and RPE11), of which the pathological type was EEA. DEGs between RPE3 and P3-RE showed that 1680 genes exhibited significantly differently, including 970 downregulated genes and 710 up-regulated genes [ Figure 5B ]. DEGs between RPE11 and P11-RE showed that 1408 genes exhibited significantly differently, including 611 Chinese Medical Journal 2019;132(13) www.cmj.org Table 2 : Clinicopathologic characteristics of patients with endometrial cancer in Group 1 and Group 2, n (%).
Variables Overall (n = 84) Group 1 (n = 27) Group 2 (n = 57) Chinese Medical Journal 2019;132 (13) www.cmj.org down-regulated genes and 797 up-regulated genes [ Figure 5B ]. The top 20 in GO-biological process analysis of RPE3 vs. P3-RE, RPE11 vs. P11-RE, were mainly enriched in cell development, extracellular matrix organization, cell differentiation, etc [ Figure 5C -i and 5C-ii]. The top 20 enriched KEGG term enrichment analysis revealed that the significant differences in KEGG-pathway analysis of RPE3 vs. P3-RE, RPE11 vs. P11-RE were mainly enriched in protein digestion and absorption, PI3K-Akt signaling pathway, etc (data not shown). The top 20 enriched KEGG-term enrichment analysis revealed that the significant difference in KEGG-disease analysis of RPE3 vs. P3-RE, RPE11 vs. P11-RE were mainly enriched in skeletal diseases, cancers of the urinary system and male genital organs, etc (data not shown). Protein-interaction analysis of RPE3 vs. P3-RE showed that CDH1, BMP2, COL1A1, IGF1, COL2A1, and ESR1 may play core roles in the biological process of EC relapse [ Figure 6A ]. The hypermethylation of CDH1 promoter was associated with not only clinicopathological progress of EC but also with the overall 5-year clinical survival rate. [24] BMP2 induces growth suppression and enhances chemosensitivity of human colon cancer cells. [25] COL1A1 were identified as candidate prognostic factors in gastric cancer. [26] Upregulation of IGF1 in the endometrium may link endometrial cancer. [27] Highly expressed COL2A1 was associated with delayed time-to-recurrence for high-grade serous ovarian cancer (HGSOC). [28] The single-nucleotide polymorphisms of ESR1 was in relation to EC risk and survival. [29] Protein-interaction analysis of RPE11 vs. P11-RE showed that ubiquitin C (UBC) may play very important roles in the biological process of EC relapse [ Figure 6B ]. UBC had great diagnostic value for the detection and prognosis of bladder cancer. [30, 31] The results showed that there was molecular temporal heterogeneity between primary and the paired relapsed EC.
Discussion
Tumor heterogeneity included inter-tumor heterogeneity and intra-tumor heterogeneity, and was presumed to be the main reason, based on a single-biopsy personal- Chinese Medical Journal 2019;132 (13) www.cmj.org ized treatment failure, and could have also disturbed pathologic evaluation and diagnosis. [32] Studies have revealed that heterogeneity may foster tumor evolution and adaptation and hinder personalized-medicine strategies. [32, 33] Human cancers display substantial intra-tumor heterogeneity in cellular morphology, genetic variation and gene expression. [14, [34] [35] [36] Heterogeneity degree itself might serve as a clinically valid Chinese Medical Journal 2019;132 (13) www.cmj.org molecular marker. [15, 16] Therefore, it is of great clinical value to explore the intra-tumor heterogeneity based on clinical features and gene expression profiles for EC.
During the pathogenesis of EC, spatiotemporal heterogeneity of intra-tumor could lead to underestimation of the tumor genomic landscape portrayed from tumor-biopsy samples, and then may present major challenges to personalized-medicine and biomarker development. [35] Data from Runowicz et al [36] supported the concept of tumor cell heterogeneity for steroid hormone receptors in EC. Our result showed that there were discrepancies in pathological type, grade, ER status, and PR status between Primary EC and the paired metastases or the relapsed samples [ Figures 2 and 3] . Clinical data in our study revealed that spatiotemporal heterogeneity existed in EC, which may have exposed the complexity of diagnosis and therapeutics in EC. Our study, in Table 2 , also shows that there were significant differences in FIGO stage and lymph node status between primary ECs with clinical heteroge- Chinese Medical Journal 2019;132 (13) www.cmj.org neity and those without clinical heterogeneity, revealing that for these patients with EC with early stage cancer or those with positive lymph node status, heterogeneity should be especially considered.
Gibson et al [10] demonstrated extensive genetic heterogeneity between primary EC and the paired metastatic lesions. Our results showed that cluster analysis sorts EC samples based on progression type of lesion or their pathological type [ Figures 4A and 5A] , indicating the molecular characteristics between primary EC specimens and the paired metastatic or relapsed patients were different. There were DEG profiles between primary EC and the paired metastases or the relapsed samples, accompanied by different functions and pathways [ Figures 4B, 4C , 5B, and 5C]. All these results showed that there was extensive molecular spatiotemporal heterogeneity between primary EC, and the paired metastatic or relapsed sites.
Chemotherapy is an important adjuvant therapy for patients with EC, but chemotherapy resistance is one of the reasons for the failure of clinical EC therapy. [1, [37] [38] [39] At present, there are many mechanisms of drug resistance, including gene heterogeneity, cell growth heterogeneity, and cell growth repair. [40, 41] Previous results showed that there were significant differences in gene expression and phenotypic characteristics between the multiple passages of tumor cell lines and primary tumor cells. [10, 42, 43] Tumor heterogeneity, associated with heterogeneous protein function, may foster tumor adaptation and therapeutic failure through Darwinian selection, [35] revealing that tumor heterogeneity might affect the response to treatment. During the course of cancer chemotherapy, drug resistance and side effects were the main limitations.
Our results showed that there were DEG profiles between primary EC and the paired metastases or the relapsed samples. Therefore, genetic heterogeneity and cell growth heterogeneity should be considered in clinical chemotherapy.
Paclitaxel combined with carboplatin (Platinum) is the first-line chemotherapy regimen for patients with EC. However, due to the intra-tumor heterogeneity of EC cells, there was a significant difference in the reactivity and efficacy of chemotherapy. Whether according to the EC tissue and cell heterogeneity, different types of patients with EC and the same tissue type of patients with EC, different chemotherapeutic regimens and chemotherapeutic methods may be used to improve the curative effect, which becomes the focus of attention of clinicians. Sequential chemotherapy is the sequential application of non-cross-resistant regimens in accordance with the Norton-Simon hypothesis, [44, 45] in which the specific way of therapeutic regimen is to apply several cycles of the optimum dose of regimens A first, and then give several cycles of the optimal dose of regimens B. The most suitable regimens may be treated with a single drug or drug combination regimens, which aims to improve the efficacy of chemotherapy and reduce side effects. [44, 45] Sequential chemotherapy has been used as the first-line chemotherapy regimen for gestational trophoblastic neoplasia for many years with excellent therapeutic results, [46] has been applied to other human tumors, such as breast cancer, lung cancer, and ovarian cancer [47, 48] and to a certain extent, showed better curative effect than conventional combined chemotherapy. A phase II study conducted by Mäenpää et al [48] also showed that sequential gemcitabinecarboplatin followed by paclitaxel-carboplatin was feasible in the first-line treatment of advanced ovarian cancer. Recent studies of sequential chemotherapy also showed that the efficacy of sequential chemotherapy was better than traditional chemotherapy treatment, and the side effects could be acceptable. [49, 50] In view of intra-tumor heterogeneity of EC, sequential chemotherapy may have certain advantages in the treatment of EC, and whether it could become the clinical application chemotherapy regimen for EC needs further verification.
In conclusion, clinical and molecular data showed that spatiotemporal heterogeneity existed in EC. Owing to intra-tumor heterogeneity of EC, sequential chemotherapy and individualized treatment may be adopted in the clinical tumor chemotherapy model, which could reduce the drug resistance, improve the curative effect, and reduce the side effects. In the pathological diagnosis and follow-up of the tumor, heterogeneity should also be considered. 
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